Introduction.
Turbine blades for advanced engines are required to operate at elevated temperatures and are commonly protected by suitable coatings. Two basic coatings systems are currently being using in gas turbines, i.e. diffusion and MCrAlY (M = Co, Ni and /or Fe) overlay coatings [I] . The protectiveness of both coatings depends on their ability to form continuous and adherent oxide scales, such as A1203, Cr203 and S O n , during service. However, the formation of protective scales depends on the coating composition and service conditions such as operating temperatures and environments.
An important issue is whether it is possible to produce preformed adherent oxide films on the turbine blades and how protective they may be at high temperatures. Recent work has given a positive answer to these questions, since it was reported that PVD silica films on IN738LC superalloy [2] and CVD alumina films on TIN and TiAl intermetallic compounds [3, 4] produced very good oxidation resistance.
In this study, the reactive magnetron sputtering technique was used to produce alumina films on CoCrAlY coatings deposited on IN738 superalloy, because these materials are widely used as turbine blade material and coatings. Isothermal oxidation tests at 1000-1 100 OC were used to evaluate the protectiveness of preformed alumina films.
Experimental details.
The substrate alloy used in this study was the Ni-based superalloy IN738 with nominal composition given in table I. The cast alloy was cut into 20 x 10 x 3(mm) coupons. The sputtered Co-30Cr-6Al-0.5Y coatings 40 pm thick consisted of the Co-Cr solid solution and the CoAl intermetallic phases. The alumina films were produced using a planar magnetron sputter (SBH-5115D made in Japan). The target was pure aluminum (Al-00, purity, 99.7%). The working gas was 99.999% purified argon and the reactive gas was 99.99% oxygen. The substrate temperature was about 300 "C and the thickness of alumina film was about 3.5 pm. The CoCrAlY coatings with and without preformed alumina films individually contained in alumina crucibles were.oxidized at 1000-1 100 "C in static air. The specimens were taken out of the furnace after 50, 100 and 200 h oxidation respectively, cooled in air to room temperature to measure the thickness of the oxide scales and to examine the specimens degradation by scanning electron microscopy (SEM), EDAX and X-ray diffraction.
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Results and discussion.
3.1 STRUCTURE OF AS-DEPOSITED ALUMINA FILMS. -The chemical composition of the deposited films depended on the oxygen partial pressure. When this was higher than a critical value (or threshold pressure), the deposited films were composed of amorphous pure alumina, as confirmed by X-ray diffraction and TEM [5] . A cross section of the alumina film formed on the Co-30Cr-6AI-0.5Y coating (Fig. 1) shows clearly that the reactively-sputtered alumina film is very uniform and adherent to the coating. Ni Bal.
3.2 OXIDATION BEHAVIORAT 1000 OC. - Figure 2 shows the oxidation kinetics at 1000 "C in static air of sputtered Co-30Cr-6Al-0.5Y coatings with and without preformed alumina films, whose thickness was measured by SEM. The oxidation kinetics of the CoCrAlY coatings at 1000 "C is substantially reduced by the addition of 3.5 pm preformed alumina films. After 200 h oxidation, the scale thickness of the CoCrAlY coating is about an order of magnitude higher than that grown on the CoCrAlY coating covered with 3.5 pm preformed alumina film. Figures 3a and 3b show the surface morphologies of specimens after 100 h oxidation at 1000 OC. Visual and SEM observation did not reveal any spallation of the oxide scales for both coatings with and without preformed alumina films. X-ray diffraction showed that the oxide scales were composed of pure a-A203 for both coatings (Tab. 11), indicating that the preformed amorphous alumina was transformed into a-Alz03 during oxidation. Figures 4a and 4b show the cross sections of specimens after 100 h oxidation at 1000 "C. The surface oxide scales are very adherent to the substrates for the two specimens with and without the preformed alumina film. An internal oxidation of aluminum occurred along the columnar defects of the CoCrAlY coating (4a) but also in the samples with preformed alumina films (4b). Figure 5 shows the cross sections of specimens oxidized at 1100 "C in air for 100 hours. The Co-30Cr-6Al-0.5Y coatings without preformed alumina films exhibited severe internal oxidation (Fig. 5a ), crossing the whole coating. Contrary to what observed at 1000 "C, the Co-30Cr-6Al-0.5Y coating could not form a continuous d 2 O 3 scale on the surface at 1100 "C. However, the CoCrAlY coating with 3.5 pm preformed alumina film could keep the continuous a -A1203 scale after 100 h oxidation (Fig. 5b) . Figure 6 shows the surface morphologies of CoCrAlY coatings with and without preformed alumina films oxidized at 1100 "C for 100 hours. The XRD (Tab. 11) and EDAX analyses of the CoCrAlY coating on IN738 after 100 h oxidation at 1100 "C indicated that the scale contained significant amounts of Cr203 and Ti02 besides Al2O3. Since the CoCrAlY coating does not contain Ti, the titanium oxide formed on the surface is produced from the IN738 substrate, indicating that titanium moves outward through the CoCrAlY coating very quickly at 1 100 "C. According to Abe et al. 161, titanium has a high solubility in Cr20s so that it is very easy for titanium to cross the Cr203-containing scale to reach the outer surface where it forms Ti02. The visual examination revealed that extensive scale spallation occurred for the CoCrAlY coating. On the contrary, the scale formed on the alumina-coated CoCrAlY was mainly composed of Ale03 after 100 h oxidation at 1100 "C. Only a little Tion was observed at the area of defects (Fig. 6d) , but no Cr203 was detected . Spallation was rarely observed for the alumina-coated CoCrAlY coating as shown in figure 6c . EDAX analysis of the spalled areas confirmed that the underlaying material was the metallic substrate, indicating that spalling occurred during cooling.
Conclusions.
1) Thin (3.5 pm) alumina films produced by reactive magnetron sputtering improved the oxidation resistance of the Co-30Cr-6Al-0.5Y coatings on IN738 superalloy at 1000-1 100 "C in air. 2) At 1000 OC, the Co-30Cr-6A1-0.5Y coatings have good resistance against high temperature oxidation. In this case, the reactively-sputtered alumina films reduced the oxidation rate.
3) At 1100 OC, the Co-30Cr-6A1-0.5Y coatings showed poor oxidation resistance, forming scales composed of A120s, Cr203 and Ti02 complex oxides, which are less protective than pure alumina. In this case, the preformed alumina films remarkably enhanced the oxidation resistance.
4) The reactively-sputtered alumina films exhibited very good adherence during oxidation. No spallation was found at 1000 OC, while at 1100 O C only a little spallation produced during cooling was observed.
